Y. Hu, M. Grösche, S. Sheshachala, C. Oelschlaeger, N. Willenbacher, K. S. Rabe, C. M. Niemeyer, *Angew. Chem. Int. Ed.* **2019**, *58*, 17269.

The sequence‐specific binding properties of nucleic acids have been exploited over the past 35 years to establish the field of DNA nanotechnology,[1](#anie201910606-bib-0001){ref-type="ref"} which has developed into a highly innovative and lively field of research at the interface of chemistry, materials science, biotechnology, and nanotechnology.[2](#anie201910606-bib-0002){ref-type="ref"} At present, it is becoming clearly evident that the various sub‐disciplines of DNA nanotechnology, ranging from pure "structural DNA nanotechnology"[3](#anie201910606-bib-0003){ref-type="ref"} over protein DNA assemblies,[4](#anie201910606-bib-0004){ref-type="ref"} nanoparticle‐based DNA materials,[5](#anie201910606-bib-0005){ref-type="ref"} and DNA polymers[6](#anie201910606-bib-0006){ref-type="ref"} to DNA surface technology,[7](#anie201910606-bib-0007){ref-type="ref"} are growing ever closer together to create functional devices for applications in the bio‐ and materials sciences.[2g](#anie201910606-bib-0002g){ref-type="ref"} However, there is still a great need for methodological approaches to bridge the size regime of individual DNA nanostructures with that of micrometer‐ and millimeter‐sized units for real‐world applications.

The self‐assembly of materials in microfluidic environments has become an indispensable toolbox technology to demonstrate, control, and understand the fundamentals of these supramolecular processes and to develop advanced processing tools for the manufacturing and integration of components.[8](#anie201910606-bib-0008){ref-type="ref"} For example, Spatz and co‐workers have recently reported on the assembly of biofunctionalized droplets of water‐in‐oil emulsions using gold nanoparticles as mechanical stabilizer of the oil/water interface.[9](#anie201910606-bib-0009){ref-type="ref"} In the field of DNA nanotechnology, Kurokawa and co‐workers recently demonstrated that the stability of batch‐produced, cell‐sized liposomes and droplets can be enhanced by assembling Y‐shaped DNA oligomers on the inner surface of cationic lipid membrane vesicles to form a thin polymeric DNA shell that increases the interfacial tension, elastic modulus, and shear modulus of the droplet surface.[10](#anie201910606-bib-0010){ref-type="ref"} Inspired by these approaches and based on earlier investigations of the excellent biomolecular modifiability and biostability of DNA‐modified silica nanoparticles (DNA‐SiNPs),[11](#anie201910606-bib-0011){ref-type="ref"} we wanted to investigate whether the self‐assembly of novel composite materials of DNA‐SiNPs and DNA polymers at the inner interface of microfluidic droplets is possible. Indeed, we found that polymerization of SiNPs capped with primers for clamped hybridization chain reaction (C‐HCR)[12](#anie201910606-bib-0012){ref-type="ref"} gives ready access to a novel class of composite materials that display material properties that are distinctively different from those of conventional DNA hydrogels. We demonstrate that the new composites self‐assemble underneath the interfacial layer of positively charged water‐in‐oil (W/O) droplets, thus enabling the high‐throughput fabrication of micrometer‐sized hollow spheres that could be used for biomedical research.

We initially investigated whether DNA‐SiNPs can be converted into polymer composites using the C‐HCR. To this end, zwitterion‐stabilized SiNPs of 80 nm diameter bearing poly(ethylene glycol) (PEG) chains in addition to amino, phosphonate, and thiol functional groups were synthesized by hydrolysis of silanes in a microemulsion system as previously described (see the Supporting Information, Figure S1),[11c](#anie201910606-bib-0011c){ref-type="ref"}, [11d](#anie201910606-bib-0011d){ref-type="ref"} and functionalized with the aminoalkyl‐modified 44‐mer single‐stranded DNA (ssDNA) oligomer **Ih** by glutardialdehyde crosslinking (Figure [1](#anie201910606-fig-0001){ref-type="fig"}; for DNA sequences, see Table S1 in the Supporting Information). The about 100 **Ih** molecules per **SiNP‐Ih** (Table S2) serve as initiators that trigger the self‐assembly of the hairpin strands **h1**, **h2** and **H1**, **H2** to initiate gelation of the DNA‐SiNP composite material (Figure [1](#anie201910606-fig-0001){ref-type="fig"}).

![Synthesis of initiator‐modified SiNPs and their polymerization by the clamped hybridization chain reaction (C‐HCR). The insets are photographic images of the resulting DNA‐SiNP nanocomposite hydrogels.](ANIE-58-17269-g001){#anie201910606-fig-0001}

The C‐HCR strategy depicted in Figure [1](#anie201910606-fig-0001){ref-type="fig"} was adopted from the original work, wherein the C‐HCR method was established for the production of pure DNA hydrogels.[12](#anie201910606-bib-0012){ref-type="ref"} In our work described here, the two‐step amplification procedure was implemented to ensure efficient linkage and homogeneous integration of the DNA‐SiNPs with the DNA hydrogel. In a first step, covalently linked **SiNP‐Ih** and hairpin strands **h1**, **h2** were allowed to react to form linear chains on the SiNP from which a single‐stranded b′‐c segment protrudes (Figure [1](#anie201910606-fig-0001){ref-type="fig"}). This reaction was carried out for 12 h, and the resulting particles were purified by centrifugation and then allowed to react with the hairpin strands **H1** and **H2**‐dimer. In this second step, **H1** and **H2**‐dimer hybridized with the particle‐bound b′‐c segments to initiate the formation of clamped 3D networks by C‐HCR (Figures [1](#anie201910606-fig-0001){ref-type="fig"}; for a detailed description and analysis of the C‐HCR, see Figures S2 and S3).

Dynamic light scattering (DLS) analysis of the C‐HCR process with **SiNP‐Ih** prepolymerized by **h1**/**h2**‐mediated linear HCR clearly indicated that polymeric composites were formed within 72 h, whereas control experiments with **SiNP‐Ic** containing a random ssDNA sequence (Table S1) showed no increase in the hydrodynamic diameter, thus excluding the possibility of unspecific aggregation (Figure S4). Rotational rheology was used to study the bulk mechanical properties of the DNA‐SiNP nanocomposite hydrogels (Figure [2](#anie201910606-fig-0002){ref-type="fig"} a, b and Figure S5). We observed a significant degree of elasticity, with the storage modulus G′ always being larger than the loss modulus G′′, and extracted a constant elastic modulus of G~0~≈550 Pa. Furthermore, both the storage modulus G′ and the loss modulus G′′ are rather invariable during time‐scan tests, indicating the mechanical stability of the nanocomposite hydrogel under the rotational measurements (Figure [2](#anie201910606-fig-0002){ref-type="fig"} b). Importantly, the G~0~ value of the pure DNA hydrogel lacking SiNPs was determined as approximately 280 Pa (Figure S6), which is about twofold lower than that of the DNA‐SiNP nanocomposite materials. We attribute the larger constant elastic modulus to the reinforcement of the polymerized DNA scaffold by the incorporated SiNPs.

![Rheological and morphological characterization of the DNA‐SiNP nanocomposite hydrogel. a) Frequency sweep test between 0.1 and 20 rad s^−1^ at a fixed strain of 1 %. b) Time‐scan rheological test performed with a fixed strain of 1 % and a fixed frequency (1 Hz) for 5 min. The data in (a) and (b) were collected by rotational rheometry at 25 °C. Representative c, e) TEM and d, f) SEM images at different magnifications. The lower two panels of the SEM images shown in (d) and (f) are magnifications of the red framed regions in the corresponding upper two panels. The samples were obtained from **SiNP‐Ih** (c, d) or, as a control, **SiNP‐Ic** (e, f) subjected to the C‐HCR polymerization.](ANIE-58-17269-g002){#anie201910606-fig-0002}

The structural features of the novel DNA‐SiNP hydrogels were analyzed by transmission electron microscopy (TEM) and scanning electron microscopy (SEM). The TEM images clearly indicated the presence of DNA, which coated the **SiNP‐Ih** and served as a crosslinker between the particles (Figure [2](#anie201910606-fig-0002){ref-type="fig"} c), which is in agreement with the design of the C‐HCR process (Figure S3). As a consequence, the DNA‐SiNP nanocomposite materials possess an amorphous morphology and a distinctive hierarchical ultrastructure, as indicated by SEM analysis (Figure [2](#anie201910606-fig-0002){ref-type="fig"} d). In contrast, control samples prepared with non‐complementary **SiNP‐Ic** showed discrete particles as well as particle superlattices that were formed by aggregation in the course of dehydration during specimen preparation (Figure [2](#anie201910606-fig-0002){ref-type="fig"} e, f). Thus, these results show that the targeted binding of the DNA oligomers is essential to achieve a homogeneous distribution of the nanoparticles in the polymer hydrogels.

We then investigated whether the self‐assembly of DNA‐SiNP nanocomposite materials is possible at the interface of microfluidically produced water‐in‐oil (W/O) droplets (Figure [3](#anie201910606-fig-0003){ref-type="fig"}). To this end, a microfluidic flow‐focusing T‐junction droplet generator chip, fabricated by micromilling as previously reported,[13](#anie201910606-bib-0013){ref-type="ref"} was used to disperse an aqueous solution of the C‐HCR mixture in a continuous oil phase (Figure [3](#anie201910606-fig-0003){ref-type="fig"} a). Specifically, the oil phase contained the positively charged 1,2‐dioleoyl‐3‐trimethylammoniumpropane (DOTAP) lipid to generate a positively charged inner surface in the W/O droplets (see the schematic illustration in Figure [3](#anie201910606-fig-0003){ref-type="fig"} b and Figure S7). The dispersed aqueous phase contained **SiNP‐Ih** particles that were prepolymerized by **h1**/**h2**‐mediated linear HCR, as described above, in addition to the **H1** and **H2** hairpin strands. To enable visualization of the droplets by fluorescence microscopy, the DOTAP was doped with 1,2‐dimyristoyl‐*sn*‐glycero‐3‐phosphoethanolamine‐*N*‐(lissamine rhodamine B sulfonyl) (Rh‐PE) lipid (0.1 mol %, green in Figure [3](#anie201910606-fig-0003){ref-type="fig"}), and the SiNPs were labeled with the fluorescent dye Cy5 (red in Figure [3](#anie201910606-fig-0003){ref-type="fig"}) by a previously reported method.[11d](#anie201910606-bib-0011d){ref-type="ref"}

![Self‐assembly of DNA‐SiNP nanocomposite hollow microspheres inside W/O droplets. a) Schematic illustration of the microfluidic droplet generator chip and high‐speed camera image of a formed W/O droplet. b) Schematic illustration of the W/O droplet (top) with a positively charged DOTAP lipid shell (green) as the outer membrane and the negatively charged DNA‐SiNP nanocomposite as the inner shell (red). Note that the high‐resolution 3D images at the bottom clearly indicate the double‐layer structure of the self‐assembled spherical constructs. c) FRAP analysis of the hollow‐sphere constructs. The images show W/O droplets before and after photobleaching. A time‐course analysis of the fluorescence recovery after photobleaching is shown in the graphs below. All scale bars in (b) and (c) are 50 μm.](ANIE-58-17269-g003){#anie201910606-fig-0003}

Using the microfluidic droplet generator, stable W/O droplets (ca. 120 μm diameter) were produced and collected for analysis by means of confocal fluorescence microscopy (Figures [3](#anie201910606-fig-0003){ref-type="fig"} b, c; see also Figure [4](#anie201910606-fig-0004){ref-type="fig"} a). The images clearly showed that the DNA‐SiNP nanocomposite materials formed hollow microspheres that spontaneously accumulated underneath the DOTAP membrane, and the droplets indeed exhibited the expected double‐layered interface morphology (Figure [3](#anie201910606-fig-0003){ref-type="fig"} b). High‐resolution imaging indicated that the DNA‐SiNP composite shell had a homogeneous thickness of 4--6 μm. Importantly, no such layered structures were observed in control experiments, where zwitterionic POPC (1‐palmitoyl‐2‐oleoyl‐*sn*‐glycero‐3‐phosphocholine) was used instead of the positively charged DOTAP (Figures S7 and S8). Therefore, the results conclusively supported the hypothesis that electrostatic interactions between the positively charged lipid membrane and the negatively charged DNA‐SiNP composite led to formation of the proposed double‐layered hollow microsphere structure.

![Production of DNA‐SiNP nanocomposite hollow spheres and use as cell containers. a) Fluorescence images and b) size distribution of collected DNA‐SiNP nanocomposite hollow spheres. c) Addition of CHO‐S cells to the dispersed phase led to formation of cell‐loaded nanocomposite containers (see also Figure S11). All images show the lipid membrane, SiNPs, and cells in green, red, and violet, respectively.](ANIE-58-17269-g004){#anie201910606-fig-0004}

To shed light on the phase segregation and layer formation, the spontaneous assembly of DNA‐SiNP nanocomposites underneath the positively charged lipid membrane was also studied by real‐time fluorescence imaging (Figure S9). The results indicated that a mixture of prepolymerized **SiNP‐Ih** and **H1**/**H2** hairpins allocate underneath the positively charged lipid membrane significantly faster than **SiNP‐Ih** only. This observation is consistent with the hypothesis that the increased negative charge caused by the polymerization of the composite materials accelerates the electrostatic phase separation of the components in the W/O droplets. Furthermore, the polymeric nature of the DNA‐SiNP nanocomposite shell was confirmed by fluorescence recovery after photobleaching (FRAP) experiments (Figure [3](#anie201910606-fig-0003){ref-type="fig"} c). The data clearly showed that no diffusion of the embedded SiNPs (red) occurred, whereas fluorescence recovery of the lipids indicated the high fluidity of the lipid shell (green). Control experiments performed with **SiNP‐Ic** under the same conditions showed a similar fluorescence recovery rate of the lipid envelope to that observed in Figure [3](#anie201910606-fig-0003){ref-type="fig"} c (ca. 5 min). However, the **SiNP‐Ic** also diffused back into the bleached area within this time period (ca. 6 min; see Figure S10). Thus, the results clearly show that the composite materials can indeed be assembled into supramolecular, microstructured hollow‐sphere architectures.

As the microfluidic droplet generator generated the W/O droplets with a frequency of approximately 20 Hz, the microstructured hollow spheres could be produced with a high throughput. Statistical analysis of the spheres showed a high homogeneity in the size distribution with a distinct maximum at about 120 μm (Figure [4](#anie201910606-fig-0004){ref-type="fig"} a, b). With regard to possible applications, we wanted to examine whether such hollow spheres could in principle be used as containers for the encapsulation of cells. To investigate whether supramolecular self‐assembly of the nanocomposites also works in complex media and in the presence of enclosed cells, cell culture medium containing CHO‐S cells was supplemented with the C‐HCR components and used as the dispersed phase. The concentration of the cells was adjusted so that statistically, about 80 % of the droplets contained cells (Figure S11 a). In fact, fluorescence microscopy analysis clearly revealed the formation of cell‐loaded hollow spheres (Figure [4](#anie201910606-fig-0004){ref-type="fig"} c and Figure S11). These preliminary experiments thus show that the synthesis strategy presented herein has potential for applications in the life sciences.

In summary, we have shown that by applying the two‐step clamped hybridization chain reaction to the surface of nanoparticles, novel composite materials can be produced from silica nanoparticles and DNA polymers. These materials can be assembled in bulk as well as in thin layers within microfluidically generated water‐in‐oil droplets. The latter approach enables mechanically stabilized hollow spheres with uniform size distributions to be produced at high throughput rates. We believe that this concept represents an important contribution to the further development of bottom‐up fabrication methods as the supramolecular self‐assembly of DNA materials can be further refined by appropriate sequence design, for example, to include non‐nucleic acid components in such architectures. In addition, this approach could be used for applications in the life sciences, for example, to develop compartmentalized reaction systems for biocatalytic applications or arrangements of cell containers for cell biology studies.[14](#anie201910606-bib-0014){ref-type="ref"}
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